INTRODUCTION
Leptomeningeal metastasis (LM) is dissemination of malignant tumor cells into the subarachnoid space. Typically, LM presents with advanced stage, but it may be the first manifestation of cancer for 6%-21% of the patients (1) . LM occurs 5%-8% among all cancer patients. According to autopsy data, the incidence is estimated at 19%, and 40% of them had negative cerebrospinal fluid (CSF) cytology prior to death (2) . Recently, the incidence of LM is increasing. Despite lengthened survival of cancer patients with improvement in chemotherapeutic agents, intracranial area still remains sanctuary due to blood brain barrier (BBB). Moreover, advanced diagnostic capability for LM contributed to the increase in the detection rate (3, 4) .
It is well-known that LM carries dismal prognosis. Even though patients surviving longer than 1 or 2 yr are occasionally observed, most patients succumbed to disease only 3 to 4 months after the diagnosis (5) . Many studies have proposed various prognostic factors to predict the response to therapy or patients' survival. However, there is no consensual prognostic marker. Recently, for the treatment of LM, novel chemotherapeutic agents, targeted therapy and immunotherapy were added to more traditional treatments including intrathecal chemotherapy (ITCTx), radiotherapy and systemic chemotherapy (6) (7) (8) . However, there is no gold standard treatment and very few, if any, prospective randomized trial. Multimodality treatment is recommended only for patients with breast primary among various solid tumors according to recent National Comprehensive Cancer Network (NCCN) guideline (9) . Therefore, the purpose of this study was to evaluate treatment patterns, outcome and prognosticators in patients with LM from solid tumors.
MATERIALS AND METHODS
Among patients treated at Seoul National University Hospital from January 2004 to March 2011, 82 patients met following eligibility criteria; 1) histological verification of primary solid tumor and 2) presence of malignant cell in cytologic evaluation of CSF, or demonstration of findings consistent with LM on brain or spine magnetic resonance imaging (MRI). Retrospective review of patient medical records was conducted to gather demographics, treatment patterns, and clinical outcomes. Two patients were excluded from further analysis due to the following reasons after review of medical records. One patient was diag- nosed with sepsis simultaneously and expired prior to treatment of LM due to sepsis. The other patient was lost to follow up immediately after the diagnosis of LM.
Clinical endpoint and statistical analysis
Endpoint was determined as date of death or last available follow up. Date of diagnosis of primary tumor and LM were defined as the date of histological verification and reported date of CSF cytology or image study, respectively. Overall survival (OS) was calculated from date of diagnosis of LM to the endpoint. Estimated OS was obtained by using the Kaplan-Meier method. Possible prognostic factors including demographics, clinical manifestations, laboratory results, image findings and treatment patterns were analyzed to evaluate the effects on survival. Univariate analyses were done using the Log-rank test and multivariate analyses were performed through the Cox proportional hazards regression analyses with a backward stepwise selection. P values less than 0.05 were considered statistically significant. All statistical analyses were performed by IBM SPSS statistics version 19 (SPSS Inc., an IBM Company, Chicago, IL, USA).
Ethics statement
This study was approved by the institutional review board of Seoul National University Hospital (IRB No. H-1108-036-372). Informed consent for study enrollment was waived by the IRB.
RESULTS

Clinical profiles
Median age at diagnosis was 54 yr (range: 27-78 yr). Forty-nine patients (61.3%) were female and 31 (38.8%) were male. About one-third of the patients (36.3%) had an ECOG performance status class of 0 or 1 at the time of diagnosis of LM. The most frequent site of primary tumor was the lung (58.8%) followed by the breast (25.0%) and the stomach (16.3%). Most patients (93.8%) had distant metastasis prior to the diagnosis of LM. Forty-nine patients (61.3%) were treated with multiple chemotherapy regimens before diagnosis of LM (Table 1) .
Presenting symptoms of LM were categorized into three subgroups; symptoms suggestive of the involvement of the cerebrum, spinal cord or cranial nerve. Among cerebral involvement symptoms (62 patients, 77.5%), headache was most common with 43 patients (53.8%) followed by nausea or vomiting in 28 patients (35.0%). Among 23 patients (28.8%) presented with spinal involvement symptoms, weakness of extremities was most common manifestation with 13 patients (16.3%) and bowel/ bladder dysfunction was second most common symptom with 9 patients (11.3%). Fifteen patients (18.8%) had symptoms of the cranial nerve involvement such as visual disturbance (6 patients, 7.5%) or diplopia (5 patients, 6.3%).
Diagnostic CSF tapping was performed in 77 patients. Among them, malignant cells in CSF cytology were found in 55 patients (68.8%). Increased opening pressure was observed in 17 patients (21.3%). CSF leukocytosis (WBC ≥ 4) was found in 62 patients (77.5%). Number of patients with elevated protein (> 50 mg/dL) and decreased glucose ( < 60 mg/dL) in CSF were 51 (63.8%) and 45 (56.3%), respectively. Brain MRI was obtained from all patients suspected of LM. Linear, nodular or diffuse leptomeningeal enhancement after administration of gadolinium was considered as positive finding for LM and these findings were shown in 70 patients (87.5%). Radiologic finding consistent with LM was found in 21 cases (26.3%) among 35 patients who underwent spine MR for suspected spinal involvement.
Treatment patterns
IT-CTx was given to 72 patients (90%). IT-CTx was mainly given through a lumbar puncture (95%). Methotrexate (15 mg) was most commonly administered agent with 57 patients. Triple regimen of methotrexate (15 mg), hydrocortisone (15 mg/m 2 ) and cytarabine (30 mg/m 2 ) was injected in 15 patients. Median number of cycle for IT-CTx was 6. IT-CTx was performed twice per week initially. After two consecutive negative conversions of CSF cytologies, IT-CTx was repeated weekly. For the maintenance IT-CTx, frequency of treatment was tapered to bi-weekly twice followed by tri-weekly twice and then patients were off the treatment.
Radiotherapy for LM was whole brain radiotherapy (WBRT) and/or focal spinal radiotherapy. WBRT was offered to 54 pa- tients. The scheme of 30 Gy/10 fractions was most commonly applied (70.9%), and additional boost to focal lesion was given in 9 patients (range, 8-24 Gy). Spinal radiotherapy was delivered to 14 patients (17.5%). Most common field included lumbar spine (7 patients) followed by sacrum (5 patients). Most frequently applied RT schedule was also 30 Gy over 10 fractions. Systemic therapy (Sys-Tx) was offered to 27 patients and various regimens were used according to primary tumor type. SysTx included both cytotoxic chemotherapy (19 patients, taxane, platinum, etc.) and/or targeted therapy (14 patients, epidermal growth factor receptor -tyrosine kinase inhibitor (EGFR-TKI) or dual tyrosine kinase inhibitor).
Patients were grouped into three according to the number of treatment modalities. Number of patients treated with single treatment modality was 26 (32.5%). IT-CTx was most frequently chosen single modality with 19 patients (23.8%). Thirty-five patients (43.8%) were treated with dual modalities. Dominant combination was IT-CTx and WBRT with 29 patients (36.3%). Number of patients treated with triple modalities was 19 (23.8%) ( Table 2) .
Survival & prognostic factors
Median interval from diagnosis of primary tumor to LM was 15.7 months. Median follow-up duration after the diagnosis of LM was 2.8 months. Median survival (MS) was 2.7 months and the 1-yr survival rate was 11.3% ( Fig. 1 ). Only one patient was alive at the time of analysis.
Results of statistical analyses for OS are summarized in Table  3 . Patients who were 65 yr old or younger had longer survival (P = 0.003). Survival outcomes were not affected by gender, performance status or manifesting symptoms. There was significant difference according to primary site (P = 0.003); LM from non-small cell lung cancer (NSCLC) showed most favorable outcomes with MS of 4.3 months whereas LM from small cell lung cancer (SCLC) had worst outcome with that of 1.4 months. MS of patients with breast cancer and stomach cancer were 2.7 and 1.6 months, respectively. Patients treated with multiple chemotherapy regimen prior to the LM diagnosis had trend toward decreased survival (P = 0.074). Among laboratory results, patients with positive CSF cytology had inferior survival (P = 0.005), whereas patients with CSF leukocytosis survived longer (P = 0.004). There were no relationships between increased opening pressure, CSF protein or glucose level and survival outcome. Identification of LM on neuraxis image study did not affect outcomes, as well. In respect to treatment modality, Sys-Tx (P < 0.001) significantly improved survival outcomes. IT-CTx (P = 0.058) and WBRT (P = 0.065) also showed marginally statistically significant impact on survival. Patients treated with combined modality had statistically significant survival prolongation (P < 0.001).
In multivariate analysis, survival outcomes were unfavorable in patients treated with multiple chemotherapy regimen before LM (P = 0.006). CSF cytology-positive group had shortened survival (P < 0.001). Statistically significant survival improvement was shown in patients treated with Sys-Tx group (P < 0.001) and WBRT (P = 0.011). Combined modality treatment (CMT) showed superior survival outcomes (P < 0.001, Fig. 2 ), whereas age, CSF leukocytosis, and IT-CTx lost their statistical significance, when adjusted for other factors.
Subgroup analysis for NSCLC patients
Subgroup analysis was performed for NSCLC patients (n = 37). Factors with improved survival in univariate analysis were; absence of cranial nerve symptoms (P = 0.036), fewer chemotherapy regimen prior to LM (P = 0.024), CSF leukocytosis (P = 0.013), negative CSF cytology (P = 0.038), IT-CTx (P = 0.007), Sys-Tx (P < 0.001), combined modality treatment (P = 0.001) ( Table 4) .
Unlike other solid tumors, target agents were commonly used in NSCLC patients. Further analysis was performed on EGFR- TKI and its associated factors. Evaluation of EGFR mutation was performed in 19 patients and 12 patients (32.4%) had gene mutation. Among patients without EGFR mutation analysis, 13 patients were suspected to have high probability of mutation based on two favorable clinical parameters, adenocarcinoma histology and never-smoking history. EGFR-TKI was prescribed to these patients based on this speculation. Detected or suspicious EGFR mutation had no significant impact on survival in univariate analysis (P = 0.96). During the entire course of treatment for NSCLC and LM, 28 patients (75.7%) were exposed to EGFR-TKI and EGFR-TKI exposure was related with marginal prolongation of survival (P = 0.056). Nineteen (51.4%) and 13 patients (35.1%) received the EGFR-TKI before and after LM diagnosis, respectively. Patients exposed to EGFR-TKI prior to LM diagnosis had a relatively short survival (P = 0.034), whereas, EGFR-TKI after LM diagnosis led to statistically significant improvement in survival (P < 0.001). Multivariate analysis revealed that positive CSF cytology, treatment of combined modality rather than single modality, and EGFR-TKI after LM diagnosis were statistically significant prognostic factors (Table 5 , Fig. 3 ).
DISCUSSION
Patients with LM, which is the third most common metastatic site of the central nervous system (7), have a poor prognosis with reported MS of 4-6 weeks for untreated patients (1, 7, 10, 11) . The proper treatment for LM could give not only palliation of symptoms but also prolongation of survival. But treatment of LM is complicated as standard of care is not established and the role of each treatment modality is not well defined (10) . Prognostic factors also have been reported in many literatures, but it is still controversial. In the current study including 80 patients with LM from various solid tumors, MS was 2.7 months and 1-yr survival rate was 11.3%, which is similar to previous reports (1, 3, 4, 8, 11, 12) . Patients with NSCLC showed the most favorable outcome with a MS of 4.3 months followed by patients with breast cancer in presenting cohort. This is in contrast to previous reports where breast cancer is considered most favorable primary tumor (3, 13, 14) . Reported MS for breast primary ranges from 3 to 7.5 months (11, 13, 15) , whereas that for NSCLC primary is from 1.5 to 5 months (10). Shorter survival of patients with breast primary in the current study compared to other series may be related with inclusion of patients with more aggressive tumor biology. The influence of molecular subtype in patients with LM from breast has been reported by Gauthier et al. (13, 16 ). In the current cohort, proportion of patients without hormonal receptor was relatively higher than other studies (13, 16) . MS of hormonal receptor positive group (7 patients, 35%) was 5.1 months, whereas that for hormonal receptor negative group (12 patients, 60%) was only 1.7 months. Though statistical significance was not found, this may be mere reflection of insufficient number of analyzed patients.
Survival outcomes were significantly affected by positive CSF cytology, exposure to multiple chemotherapy regimens for the primary tumor treatment, administration of Sys-Tx, WBRT and CMT for LM, after adjusting for other possibly related clinical factors. There were no significant effect on survival by performance status, age, presence of symptoms suggesting specific structure involvement, extent of the central nervous system (CNS) infiltration observed on imaging study, and CSF laboratory findings except for cytology. In the previous studies, performance status was considered as significant prognostic factor (10, 13, 16) . But it is not conclusive because some studies failed to show the significance in multivariate analysis, as in the current study (17) . As most studies were conducted retrospectively, performance status was estimated by researcher based on medical records in contrast to other variables, such as CSF or image findings and therefore is subject to bias. Boogerd et al. (15) reported that age older than 55 yr is one of negative prognostic factors, but study by Balm et al. (18) and current study showed that age is not a predictive factor. According to manifesting symptoms, Boogerd et al. (15) and Balm et al. (18) demonstrated that patients with symptoms related to cranial nerve or cerebral involvement had worse prognosis, respectively. However the relationship between symptoms and outcomes was conflicted with each other studies (15, 16, 19) . Although the neuraxis imaging study is one of most important diagnostic tools for LM, it is unclear whether extent of CNS infiltration on imaging study affects the survival. Other studies as well as current study, showed that presence of parenchymal CNS metastases or greater imaging evidence of LM is not indicative of inferior survival (15, 16, 20) . The meaning of CSF study also has controversies. Boogerd et al. (15) reported that patients with CSF glucose of 43 mg/dL or less had significantly short survival in multivariate analysis. They explained that CSF glucose level was decreased because of consumption by circulating tumor cells and impairment of glucose transfer caused by meningeal involvement. They also described that normal CSF protein means the absence of wide spread leakage through involved meninges and found that patients with normal protein level had longer MS. But studies by Park et al. (10) and Gauthier et al. (16) failed to show its significance. In contrast to the current study, malignant tumor cell in CSF at diagnosis was not correlated with survival in the study by Harstad et al. (20) . These results might reflect the quantitative uncertainty of CSF study. According to Murray et al., even if there is no impairment of CSF flow, level of glucose, protein and malignant cells in CSF specimen might vary at different levels of the neuraxis (21).
Of our cohort, patients treated with two or more regimen of chemotherapy prior to LM showed poor outcome. Gauthier et al. (16) also showed that overall survival was independently influenced by the number of prior chemotherapy which reflects chemo-sensitivity of remaining cancer cells.
In the current study, trend toward improved survival for patients undergoing IT-CTx in univariate analysis was lost after multivariate analysis, whereas positive impact of WBRT, Sys-Tx and CMT was sustained. In the past, IT-CTx was considered as the main treatment modality in LM, whereas the role of Sys-Tx was questioned due to belief that intravenously injected chemotherapeutic agents was unavailing because of BBB (13) . Thus, older studies mainly focused on validating the role of IT-CTx (18-20, 22, 23) . Recently, however, the role of IT-CTx has been questioned. In the study by Boogerd et al. (15) , survival outcomes of non-IT-CTx treated group were identical to those of IT-CTx group. Park et al. (10) and Bokstein et al. (24) also showed no significant difference of MS when two groups treated with or without IT-CTx was compared.
Nowadays, the role of Sys-Tx is more emphasized. In patients with LM, disturbed BBB enables Sys-Tx agents to penetrate into the CSF space (13) . In concordance with results from current study, other studies also confirmed survival improvement by Sys-Tx in patients with LM from solid tumor (10, 13, 16) . In the study by Glantz et al. (25) , high dose Sys-Tx showed significant improvement of survival over IT-CTx (MS, 13.8 mo vs. 2.3 mo). Particularly, in several studies, LM from breast primary seemed to respond to intravenously injected CTx (13, 16) . Thus, NCCN guideline recommends Sys-Tx to responsive cancer such as breast cancer or lymphoma (9) .
However, with introduction of EGFR TKIs in NSCLC, there were many attempts to use it for LM from NSCLC. Most studies showed the favorable outcomes. Park et al. (10) and Yi et al. (26) demonstrated that Sys-Tx such as EGFR TKIs could lengthen survival in patients with LM from NSCLC as well. Our results of NSCLC subgroup analysis also showed that EGFR TKI for LM significantly reduced risk of death (HR 0.15, MS 10.1 mo) and the prior exposure to EGFR-TKI did not compromised the survival. In the current study, gefitinib was mainly used before LM diagnosis, whereas most patients were treated with erlotinib after LM diagnosis. Many previous studies reported that gefitinib does not seem to penetrate BBB. Thus, tumor cells within neuraxis were naive to gefitinib and were not resistant to the EGFR-TKI. In addition, erlotinib seems to penetrate the BBB more readily, making it more effective for control of the LM (26, 27) . As for the EGFR mutation, though it was not directly related to the prognosis in the current study, any conclusion should not be drawn, considering small sample size.
On the other hand, radiotherapy for LM has traditionally been limited to bulky disease or site of CSF flow obstruction (9, 11) . The purpose of these focal RT was to provide symptom palliation. WBRT has been used for LM in limited institutions. Rudnicka et al. (13) reported that WBRT prolonged survival in univariate analysis. Though this was not valid in multivariate analysis, they contended that use of WBRT has a positive impact on the quality of life and thus should be included in multimodality treatment for LM. est series in this regard by Patrick et al. (28) showed that survival was not improved by WBRT in patients with primary lung cancer (P = 0.84). In current series, though WBRT was found to be statistically significant prognosticator in entire cohort, statistical significance was lost in the NSCLC subgroup. This may reflect a need for disease specific treatment strategy. Unlike NSCLC series, Kim et al. (29) reported survival benefit from addition of chemotherapy to WBRT in patients with LM from breast cancer (P < 0.001). They also showed that chemotherapy after WBRT was the most powerful prognostic factors for survival in the multivariate analysis, stressing the importance of combined modality management.
Aforementioned improved treatment outcomes from Sys-Tx and RT suggest the need of CMT for LM (13, 23) . Even though performance status did not affect survival in this study, CMT might not be feasible to compromised patients. In the current study, there was slight difference in the proportion of patients with poor performance status (ECOG 2 or higher) according to treatment modality (60% in single, 62% in double, and 41% in triple, respectively), though it was not statistically significant (P = 0.353). Thus, other factors to select patients more suited to undergo CMT for LM should be studied in the future to improve the survival of these patients with dismal prognosis.
In the present study, estimated survival curve is relatively reliable because all patients included were not censored. However, as it was retrospective study, it is not free from inherent limitations including treatment selection bias. There is also limitation stemming from limited number of patients and heterogeneity of primary sites. It should also be noted that in the current study, role of radiotherapy in conjunction with EGFR-TKI could not be sought, as there were no patients exposed to both modalities.
Unlike previous studies, survival was not affected by patient characteristics such as age, performance status and symptoms at the time of diagnosis of LM in the current study. However, as these results were drawn from relatively small heterogeneous cohort, it should not be conclusive. Survival in patients with primary NSCLC was comparable to that in patients with primary breast cancer. Furthermore, survival improvement was significant with combined modality treatment including Sys-Tx and WBRT over single modality treatment. Thus, multimodality treatment should be sought for patients with feasible performance to tolerate treatment and those with not only breast primary but also NSCLC primary tumors. In addition, use of EGFR-TKI after LM diagnosis should be considered for NSCLC patients. Further study is warranted to define the role of EGFR-TKI in conjunction with radiotherapy.
